To determine the limits of aortic blood pressure in infant lambs for autoregulation of global and regional brain blood flow, we studied 10 unsedated lambs during hypotension and 10 unsedated lambs during hypertension. In lambs 6 to 13 d old, we produced graded changes in aortic blood pressure by inflating a balloon occluder placed around either the inferior vena cava or the descending aorta. Using radiolabeled microspheres, we measured global and regional brain blood flow at the baseline, and then with each graded change in aortic blood pressure. In an additional step, we administered atropine to determine if its antimuscarinic properties alter the fall in brain blood flow with severe hypotension, or alter the rise in brain blood flow with severe hypertension. We concluded that in the unsedated infant lamb, global brain blood flow remains stable between mean aortic blood pressures of 6.0 to 10.0 kPa (45 to 82 torr), a range from approximately 38% below to 12% above normal mean aortic blood pressure. We noted that this autoregulatory range is essentially unchanged from that described for the fetal lamb at 80% of term gestation-even though the mean aortic blood pressure &es during this period of maturation by more than 2.7 kPa (20 torr). We found that the lower limit of autoregulation varies among the different brain regions and is lowest in the thalamus, pons, and medulla. We saw little variation of the upper limit among the brain regions. Finally, we determined that atropine does not alter brain blood flow during severe hypotension or severe hypertension. Our results suggest that the proximity of resting aortic pressure to the limits of autoregulation may even make the neonate with an intact autoregulatory mechanism vulnerable to brain injury. (Pediatr Res 29: 110-115,1991) Autoregulation of brain blood flow-and failure of autoregulation-appears to play a central role in the genesis of brain injury in the newborn infant. Studies in infant dogs show that both the upper and the lower limits of arterial pressure for autoregulation of brain blood flow appear to increase along with mean arterial pressure during the maturation of the animal from infancy to adulthood (1-4). Strandgaard et al. (5) report that in the adult human, the lower limit of autoregulation shifts from 9.3 kPa (70 torr) in normotension to 16 kPa (1 20 tom) in chronic hypertension. The autoregulatory limits for the preterm and the term human, however, are not known; yet both the location and the form of brain injury change with gestational age (6, 7). For example, intraventricular hemorrhage and periventricular leukomalacia occur typically in the premature infant, whereas parasagittal cerebral injury and status marmoratus occur typically in the term infant. Ischemic, hypertensive, and hypoxic insults, the state of development of the brain's vascular anatomy (8, 9), and failure of autoregulation (10, 11) are all implicated in the production of brain injury in the newborn infant. Another contributing factor to these lesions may be the proximity of the autoregulatory limits to the resting mean arterial pressure. If autoregulatory limits do not change with increasing gestational age to the same degree that the resting mean arterial pressure changes, then the neonate's vulnerability to brain injury from ischemia or hypertension may also change, even when the autoregulatory mechanism is intact.
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Papile et al.
(1 2) determined the autoregulatory range in fetal lambs at approximately 80% of term gestation and found it to be 6.0 to 10.7 kPa (45 to 80 torr). Mean aortic blood pressure rises from approximately 7.3 kPa (55 torr) in the fetus at 80% of term gestation to approximately 10.0 kPa (75 torr) in the newborn lamb. Purves and James (13) used the "'Xe clearance method in the newborn lamb to determine an autoregulatory range of 5.7 to 12.0 kPa (43 to 90 torr) for grey matter and a range of 5.3 to 12.0 kPa (40 to 90 tom) for white matter. However, Purves and James had a limited number of data points near the upper limit of autoregulation. Also, the xenon clearance method did not detail regional brain blood flow. Several studies (14) (15) (16) in other animal species have demonstrated regional variation of brain blood flow during hypoxemia, hypotension, and hypertension. Bmbakk et al. (17) found that atropine, a cholinergic, muscarinic receptor blocker, prevented the rise in brain blood flow with acute hypertension in newborn piglets and apparently extended the upper limit of autoregulation. In our study, we set out to determine the upper and lower limits of aortic blood pressure for autoregulation of global and regional brain blood flow in the infant lamb. To study the effect of maturation on the limits of autoregulation, we compared the infant lamb's autoregulatory limits with those described for the preterm fetal lamb to see if the limits shift as resting mean aortic blood pressure rises during this period of maturation. To determine if the antimuscarinic properties of atropine alter brain blood flow when blood pressure varies, we infused atropine during severe hypotension or hypertension.
MATERIALS AND METHODS
Surgical procedure. We operated on 20 full-term mixed-breed lambs ranging from 3 to 8 d of age. We separated the lambs into two groups of 10. After anesthetizing the lamb with halothane and nitrous oxide, we intubated the lamb's trachea and then placed the lamb on a piston-type respirator (no. 607, Harvard Apparatus Co., Millis, MA). Through a cutdown on the left hind limb, we inserted saline-filled polyvinyl chloride catheters and advanced them so that their tips were positioned in the descending aorta and in the inferior vena cava. We then performed a left thoracotomy, ligated the ductus arteriosus, and inserted catheters into the internal thoracic artery and left atrium. To reduce venous return to the heart and cause a decrease in aortic blood 1 1 1 pressure in each lamb of the hypotension study, we placed a saline-filled silastic vascular occluder (In Vivo Metric Systems, Healdsburg, CA) around the inferior vena cava (immediately caudal to the right atrium). To increase blood pressure in the proximal aorta and in vessels of the head and neck in each lamb of the hypertension study, we placed the vascular occluder around the descending aorta (immediately caudal to the ductus arteriosus). We inserted a chest tube to permit evacuation of pleural fluid collections and then closed the lamb's chest. To monitor arterial pressure proximal to the aortic vascular occluder, we incised the skin immediately superior to the left humeral head and inserted a catheter into a branch of the left axillary artery. The lamb recovered for at least 3 d before we performed any experiments. For nourishment during the recovery period, we kept the lamb with its ewe. We gave the lamb S.C. nalbuphine hydrochloride postoperatively and on the day after surgery for analgesia. Also, we administered antibiotics parenterally for prophylaxis of infection.
Experimental prolocol. On the day of the experiment, the lambs weighted 3.18 to 6.93 kg and were 6 to 13 d old. During the study, the animals rested unsedated and blindfolded while lying in a prone position in a sling. We studied the hypotensive group (10 lambs) and the hypertensive group (10 lambs) of lambs under four successive conditions: at baseline aortic blood pressure, during a moderate change in blood pressure, during a severe change in blood pressure, and after infusing atropine (0.3 mg/ kg) i.v. into the inferior vena cava during severe hypotension or hypertension. None of the animals experienced both hypotension and hypertension. Before making any measurements, we ensured that the lambs reached a steady state by waiting at least I min after achieving each blood pressure level, and waiting at least 5 min after infusing the atropine.
Physiologic measurements. We measured vascular pressures in the common brachiocephalic trunk, descending aorta, and left atrium using a strain gauge manometer (P23Db, Statham Instruments, Hato Rey, Puerto Rico) referenced to the level of the left atrium. We recorded these pressures continuously using a Grass 4-channel amplifier recorder (Model 7 Polygraph, Grass Instruments, Quincy, MA). After injecting each radionuclide, we measured the pH and the oxygen and carbon dioxide tensions of the blood samples obtained from the ascending aorta with a Radiometer Blood Gas Analyzer (PM 27, Radiometer, Copenhagen, Denmark). We used a microoximeter (OSM2, Radiometer) to measure oxygen saturation and the cyanornethemoglobin method to measure Hb in the blood samples from the ascending aorta. At the end of the experiment, we killed the lamb with T-6 1 Euthanasia Solution (Taylor Pharmacal Co., Decatur, IL).
Blood flow measurements.
At each blood pressure condition, we measured brain blood flow using radiolabeled microspheres (1 8, 19) . To make each measurement, we injected approximately 1 x lo6 spheres of 15-pm diameter labeled with one of six radionuclides ('I3Sn, 9sNb, I4'Ce, "Cr, "Sr, and 4 6 S~) (New England Nuclear, Boston, MA; Minnesota Mining and Manufacturing, Minneapolis, MN) into the left atrium over a period of 15 s. Simultaneous with the injection, we withdrew a reference blood sample from the ascending aorta using a dual syringe infusion-withdrawal pump (model no. 944, Harvard Apparatus Co.). During the baseline period, we withdrew the arterial sample at a rate of 3.88 mL/min, and we continued the withdrawal for 45 s after completing the injection of the microspheres. T o ensure trapping of the microspheres when cardiac output was reduced, we withdrew the arterial blood sample at a rate of 1.94 mL/min for a total of 5 min during the remaining three periods (20) . We replaced the blood withdrawn with an equal volume of saline. When the study concluded, an autopsy ensured the adequate placement of catheters. We then removed the brain, which we weighed and fixed in formalin. Later, we dissected the brain into regions (cortex, white matter, thalamus, midbrain, cerebellum, pons, and medulla) and placed the brain regions into separate vials. We determined the activity of each radionuclide in the reference blood samples and the brain tissue using a sodiumiodide scintillation detector and a multichannel pulse-height analyzer. We verified the presence of an adequate number of microspheres (at least 500 microspheres for each reference and organ sample) (19) and used the surrogate organ reference method to calculate brain blood flow in mL/min/100 g of wet tissue (cpm = counts. min-I).
Brain tissue activity (cpm).
(100 g tissue)-' .
withdrawal rate (mL/min) Brain blood flow = Reference sample activity (cpm) Data analysis. We used one-way analysis of variance for repeated measures to test for significance in each physiologic variable, and then used Sheffe's "f' test to test for significant differences between the mean values of the variables at different blood pressure conditions (2 I, 22). We defined a p value of ~0 . 0 5 to be statistically significant. We listed the mean and the SEM for each of the variables (Table 1) . We calculated arterial oxygen content from the oxygen saturation, the oxygen canying capacity of Hb (1.36 mL Oz/g Hb) and dissolved oxygen (23) .
To determine if atropine altered brain blood flow during hypotension or hypertension, we used paired t tests and, in addition, calculated the corresponding least squares linear regression lines for the severe and severe plus atropine periods for each group and compared the slopes and intercepts using analysis of covariance (22) . Because atropine did not significantly alter brain blood flow during either severe hypotension or severe hypertension, we included the atropine data points in all of our calculations and graphs. We used an iterative approach to linear regression analysis, paralleling the technique described by Vieth (24) , to determine the limits of aortic blood pressure for autoregulation of brain blood flow. Our model assumes that there is a plateau region that is described by a line with a slope not significantly different than zero (observations within the autoregulatory range of brain blood flow) and two pressure-passive regions (observations falling below or above the limits of autoregulation of brain blood flow) that are described by two lines with slopes significantly different than zero. We analyzed the data from the two experimental groups separately by determining the best fit for two lines in the hypotension group (a plateau line and a pressure-passive line falling below the autoregulatory range) and two lines in the hypertension group (a plateau line and a pressure-passive line rising above the autoregulatory range). In each experimental group, we ordered the 40 pairs of observations (xi = aortic pressure, y, = blood flow) so that X I 5 x2 5 x3 . . . 5 X40. For the first iteration in the hypotension group, we calculated the first regression line using observations x,, XI, and x,, and the second regression line using the remaining observations, x, . . . x 4~. For the next iteration, we used observations x, . . . x4 for the first regression line and the remaining observations for the second line. For each subsequent iteration, we removed one additional observation from the second subset of the data (unless xi = xi + --xi + 2; then all observations having an equal value for x were shifted simultaneously) and included it in the first subset and recalculated the regression lines. To determine the two best sets of regression lines for autoregulation of global and regional brain blood flow, we chose for the pressure-passive line the maximum r values with slopes significantly different from zero. For the plateau line, we chose slopes that were not significantly different from zero. We located the lower and upper limits of autoregulation by determining the threshold point, the point where there is a step from one regression line to another. We analyzed the data of the hypertension study in a similar manner, and constructed the complete autoregulation graph (Fig. 1) by combining the plateau data points for both experimental groups to calculate --a new regression-line. Because several iterations yielded pairs of lines that approached the best fit, we indicated the ranges of and 0, y = 1 . 5~ -4, r = 0.51, p < 0.003 for data above the upper limit (1 l kPa, 82 tom) of autoregulation. aortic blood pressure in which these lines were calculated for global and regional brain blood flow in the bar graph (Fig. 2) .
RESULTS
Global brain blood flow remained stable until mean aortic blood pressure fell below 6.0 kPa (45 torr), approximately 38% less than the mean aortic blood pressure at baseline, or rose above 10.0 kPa (82 tom), approximately 12% greater than mean aortic blood pressure at baseline (Fig. 1) based on the best fit for the analyses. When the broadest boundaries for the limits of autoregulation of global brain blood flow were used (Fig. 2) , the plateau region ranged from 5.3 to 12.3 kPa (40 to 92 torr), 45% below and 26% above mean aortic pressure. With the groups combined, mean aortic blood pressure ranged from 2.7 to 17.3 kPa (20 to 130 tom). The lower limit of autoregulation varied among the different brain regions (Fig. 2) . Our data suggest that the thalamus, pons, and medulla may be able to maintain stable blood flow better at lower aortic blood pressures than the remaining brain regions. The upper limit of autoregulation varied only slightly among the regions. Atropine did not alter brain blood flow significantly during either the severe hypotension period or the severe hypertension period.
Aortic blood pressure decreased significantly with moderate hypotension (33% below baseline pressure) and decreased significantly again with severe hypotension (56% below baseline pressure, 35% below aortic pressure during moderate hypotension). However, because of our manipulations of the vascular occluder located around the inferior vena cava, aortic blood pressure did not change significant!^ between the periods of severe hypotension and severe hypotension plus atropine. Left atrial pressure fell from 0.3 & 0. l kPa (2 +-1 torr) at baseline to -0.3 f 0.1 kPa (-2 +-1 tom) during moderate hypotension and remained unchanged during severe hypotension and severe hypotension plus atropine. Heart rate fell 26% from the moderate to the severe hypotension period, but this relative bradycardia reversed after infusing atropine. Arterial pH, oxygen tension, Hb, and oxygen content did not change significantly during progressive hypotension. Arterial carbon dioxide tension decreased significantly during the fall in aortic blood pressure.
Aortic blood pressure increased significantly with moderate hypertension (30% above baseline pressure) and increased significantly again with severe hypertension (60% above baseline pressure, 23% above aortic pressure during moderate hyperten-sion). Again, because of our manipulations of the vascular occluder, aortic blood pressure did not change significantly between the periods of severe hypertension and severe hypertension plus atropine. Descending aortic pressure, measured in four lambs, fell significantly from 9.9 + 0.4 kPa (74 + 3 tom) at baseline to 4.0 + 0.7 kPa (30 + 5 tom) during severe hypertension and increased significantly to 8.3 f 1.3 kPa (62 + 10 torr) after administration of atropine. Although descending aortic pressure decreased with initial balloon inflation during moderate hypertension, descending aortic pressure rose back toward baseline and proximal aortic pressure remained steady during measurement of brain blood flow. When averaged over the period of moderate hypertension, descending aortic pressure (6.7 & 1.2 kPa, 50 & 9 tom) did not differ significantly from baseline. Left atrial pressure rose significantly from 0.3 + 0.1 kPa (2 f 1 tom) during baseline to 1.2 + 0.1 kPa (9 + 1 tom) during severe hypertension and fell significantly to 0.70 + 0. l (5 f 1 torr) after infusion of atropine. When blood pressure initially reached the desired level during severe hypertension, heart rate fell acutely from 166 at baseline at 129 f 9 beats. min-I. However, after blood pressure had stabilized during moderate and severe hypertension, heart rate did not differ significantly from baseline ( Table 1) . As expected, heart rate rose markedly after i.v. infusion of atropine (49% from the baseline period, 76% from the severe hypertension period). With increasing hypertension, arterial pH decreased significantly. Arterial carbon dioxide and oxygen tensions, however, did not change significantly. Arterial oxygen content decreased significantly. This decrease was probably due to a small but significant decrease in Hb resulting from the withdrawal of blood.
DISCUSSION
Our results indicate that the lower and upper limits of aortic blood pressure for autoregulation of brain blood flow do not change in the lamb during its maturation from preterm fetus to infant. The limits that we found in the 1-to 2-wk-old infant lamb are essentially the same as those described by Papile el a/. (12) (6 to l l kPa, 45 to 80 tom) for the fetus at 80% of term gestation. However, mean aortic blood pressure rises during this 5-to 6-wk period from approximately 7 kPa (55 tom) in the fetus to 10 kPa (73 torr) for the lambs in our study. Autoregulation serves as a protective mechanism that maintains brain blood flow steady over a wide range of arterial pressures. Because the resting mean aortic blood pressure of the fetal lamb at 80% of term gestation is closer to the lower limit of cerebral autoregulation than to the upper limit, the data of Papile el a/. (12) suggest that a fetus of this age is potentially more vulnerable to an ischemic insult than a hypertensive one. Because we did not find an increase in the autoregulatory limits to correspond with the increase that occurs in resting mean aortic blood pressure, our data suggest that the infant lamb of 1 to 2 wk of age is potentially more vulnerable to a hypertensive insult than to an ischemic one.
Whether or not a similar relationship between brain autoregulation limits and aortic blood pressure exists in humans during the same phase of maturation is not known. Mean aortic blood pressure nearly doubles during the maturation from the verylow-birth-weight infant to the full-term infant (26, 27 ). Lou el a/. (10, 11) suggested that in the fetus or newborn with asphyxia or respiratory distress syndrome there is a failure of autoregulation. Our results, however, suggest that even when autoregulation is intact, the infant may still be vulnerable to an ischemic or hypertensive insult because of the proximity of resting mean aortic blood pressure to one of the autoregulatory limits. When preterm infants undergo routine procedures such as weighing, examinations, or echocardiograms, blood pressure increases by approximately 1.5 to 5 kPa (10 to 36 tom) on the average (28) . In parallel to our findings, Peny el a/. (28) suggest that the episodic elevations in blood pressure during interventions or spontaneous activity may exceed the limits of blood pressure stability and may predispose very-low-birth-weight infants to hemorrhagic brain injury.
Our findings that the brainstem and thalamic nuclei have the lowest limits for autoregulation of brain blood flow in the infant lamb are consistent with the findings of Laptook et a/.
(1 5), who observed that blood flow is better preserved in the brainstem and cerebellum than in the cerebrum during hemorrhagic hypotension in the newborn piglet. Pasternak and Groothuis ( 16) found regional variation of brain blood flow in phenylephrine-induced hypertension in newborn beagle puppies. We found, however that in the infant lamb there is little regional variation of the upper limit when pressure is altered by mechanical means.
Although metabolic and myogenic mechanisms are likely to be primarily responsible for the autoregulatory phenomenon (29) , neural mechanisms may modify brain blood flow via activation of adrenergic or cholinergic nerves innervating cerebral vessels. The presence of both adrenergic and cholinergic nerves has been demonstrated in both extraparenchymal and intraparenchymal cerebral vessels (30-35). Although adrenergic nerves supplying cerebral vessels originate predominantly from the superior cervical ganglia (36), the ganglia from which cholinergic nerves arise have not been identified conclusively. Apparently, neither adrenergic nor cholinergic nerves play a major role in regulating brain blood flow during normotension (36) (37) (38) . However, stimulation or reflex activation of adrenergic nerves: l ) constricted large cerebral arteries and increased large cerebral artery resistance while total cerebrovascular resistance remained unchanged (39); 2) blunted the transient vasodilation produced by acute, moderate hypertension (40); 3) greatly attenuated the increase in brain blood flow (41) and protected the blood brain bamer (42) during acute, severe hypertension; and 4) caused a small but significant reduction in brain blood flow during hemorrhagic hypotension in dogs (43). In newborn pigs, pial arteries constricted when adrenergic nerves were electrically stimulated (44). In addition, activation of adrenergic nerves in newborn dogs caused vasoconstriction during asphyxia (45) and limited the increase in brain blood flow during seizures to the hemibrain with intact innervation in newborn lambs (46) . However, reflex activation of adrenergic nerves during hypoxia in newborn lambs did not alter cerebral blood flow despite the presence of functional adrenergic innervation of the cerebral circulation (47). Whether reflex activation of adrenergic nerves plays a major or minor role in fixing the autoregulatory limits in newborn animals has not been demonstrated. Although our study did not address this question, the pathways involved in reflex activation of adrenergic nerves, including baroreceptors and chemoreceptors, remained intact. The role of the cholinergic nervous system in control of the cerebral circulation remains unclear due to the uncertainty regarding the origin of cholinergic nerves innervating cerebral arteries and the inability to stimulate, ablate or inhibit these nerves. Therefore, information indicating effects of cholinergic nerves is based on direct application or infusion of cholinergic agonists or antagonists. he primary effect of acetylcholine, or muscarinic cholinergic agonists, on cerebral arteries both in vitro and in vivo in mature animals is vasodilation that depends on an intact endothelium and is reversed by atropine (38, 48, 49). Acetylcholine causes contraction at high concentrations in vitro (48) or when the endothelium is injured (50) . The response in immature animals varies depending on the species. Acetylcholine dilates the cerebral vessels of fetal and newborn lambs after topical application (5 1). In contrast, acetylcholine constricts cerebral arteries at high concentrations, elicits variable responses in cerebral vascular tone at lower concentrations, and increases release of both dilator and constrictor prostanoids into the cerebrospinal fluid in newborn pigs (52-54); acetylcholine contracts the cerebral vessels of newborn baboons (55) . Information indicating effects of cholinergic nerves on autoregulation of brain blood flow in immature animals is limited. Brubakk el a/. (17) noted that atropine prevented the rise in brain blood flow ob-served when aramine infusion caused systemic hypertension in newborn pigs. Atropine may have extended the upper limit of autoregulation when the pigs became hypertensive by blocking muscarinic, cholinergic receptors and inhibiting endotheliumdependent vasodilation induced by acetylcholine. However, this explanation for extension of the upper limit of autoregulation by atropine is not likely, inasmuch as direct application of acetylcholine predominantly constricts the cerebral arteries of newborn pigs (52,53). Furthermore, acute hypertension causes endothelial injury and generation of superoxide, and impairs the endothelium-dependent vasodilation induced by acetylcholine (56). Another possible mechanism for extension of the upper limit of autoregulation by atropine in newborn pigs involves modulation of norepinephrine release by cholinergic nerves (57). By blocking the inhibitory effect of cholinergic activation on norepinephrine release, atropine may have augmented adrenergic vasoconstriction during hypertension. In contrast, we found no effect of atropine infusion on brain blood flow during severe hypertension or severe hypotension in this study. Disparities in our results and those of Brubakk et al. (1 7) may reflect differences in the species studied or the timing of atropine administration (i.e. before or during blood pressure perturbation).
To alter blood pressure in our study, we chose to use a mechanical device rather than pharmacologic agents to avoid the possibility of a direct effect of the drug on the cerebral circulation. Although many drugs have no detectable effects on cerebral blood flow when the blood brain bamer is intact, severe blood pressure alterations open the blood brain bamer (58) and may permit penetration of the drug to the vascular smooth muscle. On the other hand, mechanical devices that obstruct jugular venous return could modify the autoregulatory response of the cerebral circulation by raising cerebral venous pressure. Furthermore, cerebral venous hypertension opens the blood brain bamer (59). To produce hypotension, we placed the balloon occluder around the inferior vena cava rather than around the superior vena cava and avoided jugular venous obstruction and changes in sagittal venous pressure. All hypertensive or hypotensive stresses, whether pharmacologic, mechanical, or pathophysiologic, trigger reflex responses by stimulation or suppression of baro-, chemo-, and mechanoreceptors, by excitation or inhibition of CNS vasomotor centers, alterations in sympathetic and parasympathetic tone, and modulation of release of vasoactive hormones that attempt to reestablish homeostasis in the intact organism. Some of these responses may have direct effects on the cerebral circulation. For example, activation of sympathetic nerves produces a relative reduction in brain blood flow during hemorrhagic hypotension or acute hypertension and circulating vasopressin selectively dilates large cerebral arteries and reduces microvascular pressure without changing brain blood flow (60). We attempted to minimize any interference due to the methods used to alter blood pressure with these reflex responses. Because reducing carotid arterial pressure by obstruction of the brachiocephalic trunk or carotid arteries would trigger divergent reactions by loading baro-and mechanoreceptors proximal to the site of obstruction while unloading baroreceptors and stimulating chemoreceptors distally, we created hypotension by obstruction of venous return through the inferior vena cava. During hypertension, it is likely that the rise in afferent impulses from baroreceptors in the brachiocephalic trunk and carotid arteries would ovemde the fall in impulses from large arteries distal to the occluder placed around the descending aorta because baroreceptors are most abundant in the walls of the carotid arteries and the brachiocephalic trunk and it is likely that the increase in afferent impulses from these receptors would cause a net reduction in adrenergic tone and an increase in vagal tone. An increase in vagal tone probably caused the initial decrease in heart rate after partial occlusion of the descending aorta. In contrast, surgical denervation of aortic and carotid baroreceptors causes intense sympathetic stimulation acutely and reduced cerebral blood flow in adult animals (43). Therefore, denervation of aortic and carotid baroreceptors may have altered the autoregulatory response in fetal lambs (1 2) for two reasons: 1) sympathetic stimulation due to denervation may have persisted during the study on the first postoperative day and 2) denervation of baroreceptors may have inhibited reflex activation of sympathetic and parasympathetic nerves during fluctuations in arterial pressure. In our study, we limited surgical dissection of the great vessels to the descending aorta at and just distal to the ductus arteriosus for placement of the balloon occluder and ligation of the ductus arteriosus. Explanations for the gradual rise in aortic pressure distal to the occluder during balloon inflation include release of renin and angiotensin triggered by decreased renal blood flow, fluid shifts from the interstitial compartment into the circulation, and increased cardiac output due to the gradual rise in heart rate after initial balloon inflation. Because angiotensin I1 does have small but detectable effects on brain blood flow when blood pressure remains stable (60), release of angiotensin I1 during aortic occlusion may have altered brain blood flow. However, any reduction in brain blood flow during aortic occlusion would have shifted the upper limit of autoregulation to a higher pressure threshold. Furthermore, elevation of left atrial pressure during hypertension due to aortic occlusion is likely to have stimulated release of atrial natriuretic factor. Because atrial natriuretic factor suppresses both the renin-angiotensin system and aldosterone release (61) , it is likely that the reflex effects due to hypertension would have minimized the divergent effects on release of vasoactive hormones due to hypotension distal to the aortic occluder.
Arterial carbon dioxide tension and arterial oxygen content are potent regulators of brain blood flow (62-65). The fall in arterial carbon dioxide tension that occurred during severe hypotension may have exacerbated a fall in brain blood flow due to reduced arterial pressure. However, when we excluded from analysis animals that demonstrated the largest decreases in arterial carbon dioxide tension, the lower autoregulatory limit remained unchanged. The small, but significant decrease in arterial oxygen content that occurred during severe hypertension remained well within the normal range of arterial oxygen content for infant lambs (62, 66).
In summary, global brain blood flow remained stable in the infant lamb until mean aortic blood pressure fell below 6 kPa (45 torr), or rose above 10 kPa (82 torr). The resting mean aortic blood pressure of 9.7 kPa (73 torr) was much closer to the upper autoregulatory limit than to the lower limit. We found no evidence to suggest a shift in the autoregulatory limits from those described for the fetus at 80% of term gestation. Because mean aortic blood pressure increases during this period of maturation, the proximity of each limit to the resting mean aortic blood pressure changes during the development from the preterm fetus to the infant lamb. The upper limits for autoregulation varied only slightly among the different brain regions, but the lower limits varied to a greater degree, and were lowest in the thalamic nuclei and brainstem. Atropine did not alter the fall in brain blood flow during severe hypotension or the rise during severe hypertension. Our data suggest that although failure of autoregulation is often implicated as a cause of ischemic or hypertensive brain injury in the neonate, the relationship of resting mean aortic blood pressure to each autoregulatory limit might even make the neonate with an intact autoregulatory mechanism vulnerable to injury.
